Exciton polaritons (polaritons herein) offer a unique nonlinear platform for studies of collective macroscopic quantum phenomena in a solid system. Recently, shaping of polariton flow and polariton confinement via nonresonant optical pumping has gained considerable attention due to the experimentally convenient flexibility and control that optically-induced potentials offer. In this work, we investigate the origins of the large energy shifts (blueshifts) of polaritons confined in optically-induced circular traps observed in the regime where the density of polaritons is very low. We present evidence of a quantum confinement effect, namely a significant blueshift of the polariton energy due to reshaping of the optically-induced potential with laser pump power. Our work therefore demonstrates significant influence of the effective potential formed by an optically-injected excitonic reservoir on the energy blueshifts observed well below the polariton condensation threshold, and calls for revision of the recent interpretation of such blueshifts as an evidence of strong polariton-polariton interactions [Nature Phys. 13, 870 (2017)].
I. INTRODUCTION
Studies of exciton polaritons (or simply polaritons) in quantum wells embedded into semiconductor microcavities have developed into an active research field driven by the ability to observe condensation [1] [2] [3] [4] [5] [6] [7] [8] and superfluidity [9] of these quasiparticles under easily accessible experimental conditions on a well-developed solid-state platform. The effectively repulsive interaction of exciton polaritons stemming from the Coulomb interaction of their excitonic constituents [10] [11] [12] not only assists the condensation via stimulated bosonic scattering, but also leads to a wealth of nonlinear mean-field effects observed at higher densities. The precise value of the strength of the polariton-polariton interaction has recently become a subject of controversy, as a recent study performed well below condensation threshold, i.e. in the low polariton density regime [13] , claimed a quantity which is at least two orders of magnitude larger than that previously accepted by the exciton-polariton community [10, 11, 14] . The importance of this claim cannot be underestimated as it implies that the polaritons are, in fact, strongly interacting particles that can be naturally driven to strongly correlated quantum phases. * maciej.pieczarka@anu.edu.au † elena.ostrovskaya@anu.edu.au
The above-mentioned claim is based on the measurement of the upward energy shift (blueshift) of the very low-density polaritons accumulating in an opticallyinduced circular trap. The latter is defined by an annular potential barrier created by a ring-shaped optical pump which photoinjects an incoherent reservoir of highly energetic excitonic quasiparticles [13, [15] [16] [17] [18] [19] . The critical assumption made in [13] is that the excitonic reservoir, which both feeds the exciton-polariton condensate through stimulated scattering and confines them through repulsive interaction, is localised at the position of the maximum intensity of the optical pump, and that its effect is negligible in the middle of the resulting circular well trap. The blueshift measured in [13] at zero momentum (kinetic energy) is therefore attributed purely to the polariton-polariton interaction energy, and appears to be anomalously large given the very low densities.
In this work, we report a detailed investigation of the below-condensation behaviour of exciton polaritons in optically-induced circular potential wells of various areas, for varying fractions of photon and exciton in the polariton quasiparticle. Our experiment and modeling suggest that the significant blueshift of the exciton-polariton energy at low densities originates from the interactions of the polaritons with the excitonic reservoir, rather than from polariton-polariton interactions. At very low densities and pump powers, both photon-and exciton-like polaritons in moderate-area traps experience the quantum confinement effect, which results in quantization of energy levels and dominates the blueshift as the shape of the trapping barrier changes with the increasing pump power. This effect persists at moderate densities for photon-like polaritons. Both the values of the energy blueshifts, and the rates of energy change with the polariton density observed in this regime are comparable to those reported under similar conditions in the previous study [13] . The quantum confinement effect for exciton-like polaritons in large-area traps (as compared to a typical de Broglie wavelength) does become negligible compared to the blueshifts measured in [13] , but the shift in this case can be attributed to the rising bottom of the trap due to the spreading of the excitonic reservoir (see the discussion in Section VII). We therefore conclude that the energy blueshifts of optically confined exciton polaritons at low densities cannot be used to determine the polariton-polariton interaction strength.
II. EXPERIMENTAL DETAILS
We study a high-quality microcavity sample consisting of 12 GaAs/AlAs based quantum wells and distributed Bragg reflector (DBR) mirrors consisting of a large number (32 top and 40 bottom) of layers [20, 21] . This sample design and its specific properties, such as a long polariton lifetime and a large position-dependent gradient of the cavity photon energy E ph due to a wedge in the cavity thickness [20] [21] [22] , are similar to the sample used in recent studies of the ground state blueshift of optically trapped exciton polaritons [13] .
In our experiment, we generate a circular well potential by a nonresonant continuous-wave (cw ) laser shaped to an annular intensity distribution on the sample surface, as shown in Fig. 1 (b, inset) (see Appendix A for details). Free electron-hole pairs are photo-injected into the quantum wells at the pump position and relax down to form highly energetic, exciton-like polaritons. Naturally, highenergy polaritons are present close and at the positions of the laser pump which forms the effective ring-shaped potential barrier. A significant proportion of polaritons is pushed to the centre of the effective trap due to repulsive interactions with the exciton-like quasiparticles in the pump region [15, 16] .
In order to study the lowest energy state of the exciton polaritons in the optically-induced trap, we introduce a spatial filter (of ∼ 10 − 15 µm diameter) as shown in Fig.  1 , which eliminates the signal from the barrier region. The resulting lower polariton dispersion shown in Fig.  1(a) allows us to isolate the spectral line corresponding to the lowest energy ground state at zero in-plane momentum k || = 0, as seen in Fig. 1(b) . Above a certain threshold pump power, a macroscopic occupation of this state is achieved by the stimulated scattering from the photo-injected exciton-like reservoir [2, 3] .
III. DENSITY-DEPENDENT BLUESHIFT
The calibration procedure detailed in the Appendix B allows us to relate the integrated intensity of the photoluminescence in k-space to the polariton density within the trap. The buildup of the polariton density with increasing pump power is shown in Fig. 2(a) . The sharp rise in the polariton density (photoluminescence intensity) at a pump power 60 mW corresponds to a transition to condensation, which is also accompanied by a drop in linewidth at k = 0. As shown in Fig. 2(b) , the buildup of polariton density below the condensation threshold is accompanied by a rapid growth (blueshift) of the emission energy, which saturates above threshold density (n th ≈ 0.4 µm −2 ). In what follows, we will concentrate on examining the blueshift in the region far below condensation threshold [ Figs. 2(c,d) ].
Based on the dependence of the blueshift on the polariton density, shown in Fig. 2(c) , one can easily observe nonlinear growth of the ground state energy. Locally, the blueshift can be fitted with a linear dependence on the polariton density with the slopes of the linear functions corresponding to 336 µeVµm 2 for the lowest polariton densities and 110 µeVµm 2 for polariton densities above 0.1 µm −2 . Both of these values are of the same order of magnitude as a single linear slope observed in Ref. 13 . In that work, the linear dependence was interpreted as a consequence of the repulsive interactions among the increasing number of polaritons within the trap. This interpretation is based on the expression for the mean-field energy of the polaritons due to polaritonpolariton interactions, E = gn, where g is the interaction constant and n is the polariton density. The value of g, extracted as the value of the linear slope (E/n) below threshold, is around two orders of magnitude larger than the commonly accepted theoretical estimation of the interaction strength [10] . However, the mean-field, i.e. density-dependent, contribution to the polariton energy shift is likely to be negligible below condensation threshold, where the polariton density is very low. Larger contributions are expected due to the repulsive interactions between the polaritons and reservoir particles, which create a local blueshift (effective potential) proportional to the reservoir density n R [5, 14] : V R = g R n R (x, y), where g R is the strength of interaction between polaritons and the photo-injected excitonic reservoir. The total (potential and kinetic) polariton energy in the presence of the reservoir density can be calculated as:
where ψ is the single-polariton wavefunction, m * is the effective mass of the polariton, V eff (r) = V R (r) + E 0 LP , and E 0 LP is the minimum of the lower polariton energy E 0 LP = E LP (k = 0) in the absence of the reservoir. Any change of the reservoir density will lead to a change of V eff and to a corresponding shift of the polariton energy E. According to conventional understanding, g R ∼ |X| 2 g X , and g ∼ |X| 4 g X , where |X| ≤ 1 is the excitonic Hopfield coefficient, and g X is the strength of exciton-exciton interactions [8, 23] . Therefore, the effects of polariton-reservoir interactions may exceed those of polariton-polariton interaction by two orders of magnitude. In our experiments, by exploiting the large wedge in the microcavity [13] , we explore a wide range of exciton-photon detuning values, ∆ = E ph − E X , corresponding to a range of different excitonic Hopfield coefficients |X| 2 ≈ 0.2 − 0.8, hence polaritons experiencing different g R . The position-dependent detuning also leads to a position-dependent dispersion of the lower polariton: E reservoir-induced potential on the polariton energy. One is the change of the barrier height and the trap area driven by the pump power, which will have a profound effect on the energy eigenstate, E, in the effective potential V eff as found from Eq.1. Another effect is the buildup of the reservoir density defining the bottom of the trap V 0 R , which could also lead to significant blueshift of the zero-point energy. In the absence of the reservoir density in the middle of the ring,
IV. POTENTIAL SHAPE VS POLARITON DENSITY
To understand the effect of quantum confinement, one has to consider how the shape of the potential trap, V eff , changes with the local reservoir density, n R . As shown in Fig. 2(a) , the density of polaritons is growing with the pump power and so is the reservoir density in the vicinity of the annular laser pump. In order to quantify the resulting change of effective potential barrier, we utilise the fact that, at very low densities, the local energy E(r) of the k = 0 (i.e., zero kinetic energy) state of the thermal emission of polaritons reflects the local potential energy landscape, V eff (r). Figure 3 presents the evolution of the trap shape with respect to the growing pump power for a ring trap of a moderate diameter (D = 28 µm). These images are taken by placing a spatial filter in the far-field plane, thus allowing only k ≈ 0 states to pass through. Hence, the real space image corresponds to a local blueshift of the k ≈ 0 state, reflecting the trap shape V eff (r). At low pump powers and polariton densities in the trap, the reservoir induces low potential barriers, which results in a weakly trapped ground state partially "leaking" out of the trap, Fig. 3 (a). At this exciton-photon detuning (∆ = −1.5 meV), the polaritons are photon-like, and the cavity wedge (detuning gradient) translates into a strong linear gradient of E 0 LP (r). As a result, polaritons accumulate at the bottom of the two-dimensional "triangular" potential well, which is offset from the centre of the ring [ Fig. 3(a) ]. Growth of the pump power results in the growing height of the barrier due to the higher local density of the incoherent reservoir. Eventually, the barrier becomes sufficiently high to fully confine the states, as shown in Fig. 3(b) , where the polaritons are contained inside the trap. Additionally, one can observe a discrete set of excited states are detected in this configuration, where some portion of the k = 0 states pass through the k ≈ 0 filter. These are clearly resolved due to pronounced confinement of photon-like polaritons and well resolvable linewidths. The influence of the cavity wedge is also evident in this regime, Fig. 3 
(b).
The height of the potential barrier as a function of laser power can be extracted from the blueshift at the pump position, see Fig. 3(c) . As expected, the barrier height is a linear function of laser power, reflecting the growth of the reservoir density n R . The extracted shape of the potential shown by the dashed lines in Figs. 3(a,b) , allows us to carefully describe the influence of the trap confinement on the ground state energy. Furthermore, the shape of the trap corresponding to a particular value of polariton density reached inside the trap is expected to differ at positive and negative photon-exciton detunings, due to different energy relaxation efficiency and different effective masses driving the kinetics and propagation of polaritons. Photon-like, low-mass polaritons are more efficiently injected from the annular barrier to the middle of the trap as they propagate ballistically away from the excitation region with large velocities v ∝ V max eff /m * [17, 24, 25] . On the other hand, exciton-like polaritons at positive detunings have a larger effective mass (lower velocities) and are subject to more efficient energy relaxation [21, 24, 26] . Hence, at different detunings, different laser pump powers, i.e. different barrier heights, V max eff , are required to achieve the same polariton concentration in the trap.
The relationship between the trap barrier and the trapped polariton density inside the trap is depicted in Fig. 3(d) for polaritons confined in a D = 28 µm trap at positive and negative detunings, ∆ = +3.8 meV and ∆ = −1.5 meV, respectively. One can observe that a much higher trap barrier (and hence pump power) is required to reach the same density for more excitonic polaritons inside the trap as compared to more photonic polaritons. Therefore, any density-dependent effect, such as the blueshift of the ground state, should be considered in the context of the changing shape of the pump-dependent trapping potential associated with the growing polariton density.
V. QUANTIFYING THE CONFINEMENT EFFECT
To quantify the fraction of the total blueshift of the ground state originating from the effect of the confinement in the pump-dependent effective potential, we calculate the energy of the ground state in the trap using the parameters of the potential barrier obtained experimentally.
The pump-induced potential barrier is modeled as an annulus with a Gaussian cross-section. We extract the height of the barrier and the full width at half maximum from the energy of the k ≈ 0 photoluminescence near the barrier region [ Fig. 3] . Notably, we find that the width of the barrier remains approximately constant within the range of pump powers (and polariton densities) accessible in our experiment (see Appendix C). The polariton effective mass at a particular detuning was extracted from experimental far-field dispersions (as shown in Appendix C). Having the full set of parameters, we solved the full two-dimensional Schrödinger equation in the trap numerically to obtain the energy of the ground state for traps at different barrier heights (pump powers), while keeping the width of the barriers fixed.
Results of our modeling are presented in Fig. 4 (a,b) in comparison with the experimental data. The theoretical energy shift is defined as the difference between the energy of the lowest trapped state at the lowest pump power and the energy of the lowest trapped state for the altered trap as the pump power is increased. There is excellent agreement of measured and calculated blueshifts of the confined ground state as a function of the barrier height, both for negative and positive detunings, as seen in Figs. 4(a) and (b). This indicates that the blueshift in such moderate-area traps is dominated by confinement effects. It is worth noting that the obtained theoretical curves are solely based on the extracted experimental parameters, without additional fitting factors. To further visualise the influence of confinement, we utilized the simulated confined states to depict the real-space photoluminescence spectra. This is achieved by taking the solution of Eq. 1 and plotting the probability densities of a given energy eigenstate assuming a resolution-limited linewidth. Results of these calculations and experimental data, taken without the far-field filtering at k ≈ 0, are compared in Figs. 4(c) and (d) . Very good agreement is observed, as the spectrum of excited states is qualitatively well reproduced and the shape and ordering of the confined states are clearly distinguished.
Our calculations show that the cavity wedge leading to the "tilt" of the trap bottom, and resulting in a "triangular" potential well, is a significant factor in producing the large observed blueshifts. Under an artificial assumption of a "flat" trap bottom (E 0 LP = const), the modeling outcome differs significantly, as shown in Fig. 4(a,b) with dashed lines. In this case, the blueshift increases very slowly and therefore is nearly constant within the whole range of the measured barrier heights, which contradicts our experimental observations. We conclude that, for the moderate-area traps and small positive and negative detunings, the experimentally observed blueshifts can be fully attributed to the effect of polariton confinement in optically-induced traps, and therefore arise due to the interactions between the polaritons and the excitonic reservoir.
As can be seen in Figures 4(a) , and 4(b), the calculated blueshift tends to saturate at large barrier heights. This is because the blueshift in our model is caused by the growing height of the potential barrier, and we assume that both the width (FWHM) of the barrier and the bottom of the reservoir-induced potential V 0 R (r = 0) are fixed. Under this assumption, the calculated blueshift of the ground state (zero-point energy) will saturate at a value 50 µeV, which can be viewed as the limit of infinitely high barriers. Although the tails of the Gaussian distribution defining the barriers do extend into the centre of the ring, the effective change in the trap area with increasing power is not sufficient to counteract the blueshift saturation in our model.
VI. ARTEFACT OF SPATIAL FILTERING
The analysis presented above highlights the fact that one should be very careful when interpreting the blueshift vs. polariton density measurement [ Fig. 2(c) ] in annular traps with a significant cavity wedge, especially in the regime of low density. Indeed, our calculation of the real space probability density distribution shown in Fig.  5(b) and corresponding to Fig. 4(a) shows that, at lower pump powers and barrier heights, the maximum density of the ground state wavefunction is shifted towards the edge of the trap [as also seen in Fig. 3(b) ] and therefore may lie outside the signal collection area defined by the spatial filter shown in Fig. 1(b) (cf. Fig. 1(c) in [13] ). This means that, until the barrier height reaches a certain value and the bulk of the ground state probability density shifts into the detection window, the density measured in the experiment corresponds to an extremely low-density tail of the highly inhomogeneous probability density distribution. The assumption that the density is uniform across the trap is not justified in this case, and the resulting measurement of the peak density corresponding to a particular energy shift is not representative of the actual polariton densities in the ground state. As a consequence, the slope of the measured blueshift as a function of the polariton density in the detection window massively overestimates the actual rate of change of the ground state energy with the density of polaritons in this state.
As stated above, the peak of the probability density distribution in the ground state moves into the detection window only above a certain pump power (barrier height). This threshold corresponds to ∼ 150 µeV for photonic polaritons in moderate-area (D ∼ 30 µm) traps, Fig. 5(b) , but is raised to 1 meV for more excitonic polaritons in larger area (D ∼ 50 µm) traps, Fig. 5(a) , which is at the limit of our experimental capabilities for cw experiments. This is why the blueshift should be carefully examined as a function of the trap shape, rather than the measured polariton density alone.
In addition, the spatial filtering of the signal means that the majority of the emission at k || = 0 may come from the excited states in the trap. In order to relate the observed blueshift to that of the zero-point energy, we have to assume that the confinement affects the blueshift of all trapped states uniformly.
VII. EXCITONIC POLARITONS IN LARGE TRAPS
We note that, in our experiments, we are unable to observe the blueshifts of the order of 0.1 meV reported in Ref. [13] for exciton-like polaritons in large-area (D > 40 µm) traps. This is a difficult regime to be accessed experimentally since the pump powers required to achieve the detectable density of polaritons in the middle of the trap are an order of magnitude larger than those required in the more photonic regime or smaller-area traps. The polariton densities of ∼ 0.1 µm −2 would only be achieved for the barrier heights of several meV [13] , and the corresponding cw pump powers are not available in our experiment.
In the extreme regime of strongly exciton-like polaritons (large positive detuning) in large-area traps, the quantum confinement effect is expected to be less pronounced due to the decreasing level separation ∝ 1/(m * D 2 ) and shorter de Broglie wavelength of the polaritons (λ dB ∝ 1/ m * V max eff ∼ 10 −2 D for ∆ ≈ +8 meV). The effect of the cavity wedge on the trap shape is also less pronounced at large positive (excitonic) detuning, which results in a potential with a nearly "flat" bottom. As the effects of confinement and associated level separation become weaker, the spectrum approaches a continuum of states (see Appendix D), which contribute to the uncertainty in determining the energy of the ground state.
The typical results of our measurements in this regime are presented in Fig. 6 , where panel (a) represents a typical position-resolved spectrum at near-zero detuning. For this detuning value and size of the trap (D = 42 µm) the gradient of E 0 EP as well as the quantization of the polariton spectrum, is still apparent. However, the modeling of the effect of the potential barrier height on the energy blueshift shows no agreement with the experimentally measured values, as seen in Fig. 6(b) .
This absence of agreement between the modeling and experiment is also apparent at the more excitonic detuning (∆ = +8.3 meV). The extrapolation of a clear trend in the rate of change of the measured energy of the k || = 0 state seen in Fig. 6(c) shows that a blueshift of ∼ 0.1 meV would be reached when the polariton density reaches the values of ∼ 0.1 µm −2 , in agreement with the observations in Ref. [13] . However, the results of our theoretical calculations over the relevant range of pump powers and barrier heights show that, at the maximum pump power, the blueshift saturates at ∼ 10 µeV.
The discrepancy between the measured and calculated blueshift suggests that the effect of confinement in a pump-induced effective potential with growing height of the walls cannot account for the blueshifts observed in larger-area traps which require higher pump powers to reach significant polariton density in their centre. This indicates that our model might not take into account significant reshaping of the reservoir-induced trap that takes place at larger powers. Such reshaping could include broadening of the trap walls and resulting buildup of the reservoir particles in the middle of the ring, which would lead to rising of the trap bottom associated with V 0 R . Indeed, given the large trap and large excitonic detuning, the zero-point energy in the trap presented in Fig.  6 (c) would coincide with the trap bottom V 0 eff within the spectral resolution of the experiment, which is quite poor [see Fig. 6(d)] . It is therefore possible that the blueshift measured in Fig. 6(c) represents the shift of the V min eff , which is not taken into account in our model. Furthermore, the spatially resolved potential energy measurements E(r) (at k ≈ 0) at high pump powers presented in Fig. S11 of Ref. [13] indicate that, in this regime, the magnitude of the shift of the trap bottom could be comparable to the overall blueshift of the ground state of the polaritons.
The physical reason for the significant reservoir buildup in the centre of the trap should be carefully investigated in further experiments. One possibility is that, while the diffusion of the heavy excitons in these samples is small (of the order of ∼ 1 µm), the reservoir composed of mobile, high-momentum bottleneck polaritons could result in a significant diffusion into the centre of the trap. This possibility is supported by the recent study [27] , which found the diffusion lengths of the highly excitonic polaritons at high k to be greater than 20 µm. It is also supported by the observation in Ref. [13] of large homogeneously broadened linewidths.
VIII. CONCLUSIONS
We investigated optically confined exciton-polaritons in the low density regime, where the density-dependent polariton-polariton interaction energy is negligible. Density-dependent energy shifts observed in our experiment are comparable with the data presented in [13] for low polariton density. A detailed analysis of polariton energies at various detunings and trap diameters shows that the effect of interactions between the polaritons and the optically-injected excitonic reservoir, and the associated quantum confinement in a reservoir-induced potential, has non-negligible contribution to the blueshift.
Our analysis shows that the blueshifts of the ground state (zero-point energy) due to the effect of confinement in a pump-induced effective potential with increasing height of the walls fully accounts for the observed blueshifts at very low pump powers and polariton densities in the moderate-area traps. In large-area traps, which require significantly larger pump powers to reach detectable densities of trapped polaritons, the confinement-induced blueshift is small compared to that observed in the experiment. Since, in this regime, the zero-point energy coincides with the bottom of the trap, we suggest that buildup of the reservoir particles in the middle of the trap could lead to anomalously large blueshifts reported in [13] . On the basis of our observations, we conclude that the optically-confined polaritons are strongly influenced by the excitonic reservoir, and the blueshift of optically-trapped polaritons below the condensation threshold cannot be unambiguously related to the polariton-polariton interaction strength. We note, however, that accurate measurements of the polariton interaction strength can still be performed above the condensation threshold, where the macroscopic occupation of a ground state can lead to large polariton densities and significant density-dependent blueshifts; this is the subject of our future work.
The microcavity sample used in the experiment is a high quality AlAs/GaAs sample containing 12 GaAs quantum wells of nominal thickness 7 nm sandwiched between two distributed Bragg reflectors composed of a large number of GaAs/AlGaAs layer pairs (32 top and 40 bottom). This cavity design results in an extended polariton lifetime exceeding 100 ps at the exciton-photon resonance. The quantum wells are placed in the antinodes of the confined photon mode to enhance light-matter interaction between excitons and photons. The Rabi splitting in this sample is approximately 15 meV.
The experimental setup is similar to the one used in our previous works [22, 29] , as presented in Fig. 7 . The sample is located on a cold finger in a helium-flow cryostat and maintained at a low temperature of about 7 K. Nonresonant excitation is provided by a tunable Ti:Sapphire continuous wave (cw ) laser and the wavelength is adjusted to a reflectivity minimum of the sample. To prevent unwanted possible heating of the sample, the laser beam is modulated with an acoustic optical modulator (AOM). The laser spot is shaped into an annular distribution via a metal amplitude mask (for the ring diameter D < 40 µm) or with an axicon lens (for the ring diameter D > 40 µm) placed in the beam path. In the case of the amplitude mask shaping, the annular intensity distribution is re-imaged onto the sample surface by a combination of lens and high-NA microscope objective [29] , as shown Fig. 7 . The thickness and the diameter of the circular laser spot is varied using metal masks with different dimensions and by using different focal lengths lenses.
Due to the continuous decay of exciton polaritons via escaping photons from the cavity, an annihilated polariton is transformed to a photoluminescence signal, where the photons carry all the information about the spatial and momentum distribution of the polariton gas. The photoluminescence is collected via a free space microscope and analysed with a combination of real space and dispersion imaging techniques. The near-and farfield images are filtered spatially at appropriate conjugate planes in the imaging path and recorded with a monochromator coupled to a CCD camera. 
APPENDIX B: MOMENTUM-SPACE INTEGRATION
The essential part of the performed work is to carefully calibrate the experimental setup to determine the blueshift of the ground state and the polariton density generated inside the circular trap. Firstly, we calibrate the collection efficiency of our setup, to determine how many photons emitted from the sample convert on average to one CCD count. To perform this calibration, the laser is tuned to the stop band of the sample around 770 − 780 nm, i.e. in the range where the polariton emission occurs. The laser is reflected from a mirror placed at the position of the sample to simulate the sample emission. The power losses are recorded after each optical element in the detection path with a power meter and then correlated with a number of counts obtained on the CCD camera attached to the spectrometer. The calibration is performed including different linear polarizations of the laser light (changed with a λ/2 plate) to determine the mean collection efficiency of the spectrometer, because the diffraction gratings are polarization sensitive and the light emitted by low density polaritons is expected to be depolarized. Additionally, to rule out any background counts contribution to the calculated values, the efficiency is extracted from a slope of power-dependent series, by changing the duty cycle of the AOM. Using this procedure, we obtain a mean collection efficiency of the experimental setup: η ≈ 30 photons/count.
The data analysis and extraction of the polariton density is performed based on the k-space (far-field) integration technique, which is a common approach to calculate the occupations of a given k-vector state in polariton research [2, 13, 26, 30, 31] . The method is based on the accurate conversion of the counts collected at a given kvector to an occupancy of this state, taking into account the experimental efficiency and the geometry of the detection.
As mentioned in the main text, we filter out the trapped polaritons from the signal originating from the high-energy polaritons in the barrier by introducing a spatial filter of ∼ 10 µm diameter in the image plane. The detected portion of the whole trapped polariton gas is scaled as the ratio of the spatial area of the filter to the effective area of the trap A f ilter /A trap (assuming a uniform distribution within the trap). The analysed polariton dispersion is collected along the axis set by the monochromator entrance slit, which cuts through the middle of the circular symmetric far-field emission pattern (see Fig. 1(b) of the main text and Fig. 8 ). The mean photon emission rate at a given vector k i along the slit is related to the CCD counts as follows:
where i numbers position in the array of pixels. The next step is to convert the photon emission rate to a mean number of polaritons occupying the k i state. In a steady state the mean photon emission rate is proportional to number of polaritons multiplied by the polariton lifetime, determined by Hopfield coefficients:
Schematics of a k-space integration geometry on top of the pixel array of the CCD camera showing the cut of an image with a spectrometer entrance slit. Symbols are explained in the text.
where τ C = 135 ps [32] is the cavity photon lifetime and τ X is the exciton lifetime, being at least one order of magnitude larger, i.e. ∼ 1 ns, in high quality GaAs/AlAs quantum wells [33, 34] . A common approach is to neglect the exciton decay rate contribution, which is much smaller than the photon decay rate. This approach becomes less relevant for highly excitonic polaritons |X| 2 > 0.8, where the excitonic contribution extends the polariton lifetime (4), and discarding it would lead to overestimation of the polariton number (3). Hence, one can assume that this approach gives an estimate from above for the measured polariton density.
To evaluate the occupation N of the k i vector, one has to calculate the number of states N at this vector k i :
The number of states is determined by the geometry of our detection. The states at the k i position are selected by the width of one pixel ∆k i in the y direction and the width of the monochromator slit in the k-space plane. In cylindrical coordinates it yields the subtended k-state area dΩ(k i ) = k i ∆k i ∆ϕ i , where the angle arc measure is ∆ϕ i = d slit /R i in the physical dimensions (d slit is the slit width and R i is the radius of the k i ring). Taking into account the volume of a single state, we obtain:
where g = 2 stands for the polariton state spin degeneracy. The excitation laser was chopped with an AOM with a duty cycle d = 10%, so the recorded number of polaritons has to be corrected by this factor. The final expression for the experimentally determined mean number of polaritons per state is as follows,
An example of integrated occupation number distribution in k-space is presented in Fig. 9 . The final part of the analysis is to calculate the mean density of the polariton gas within the photogenerated trap. To obtain the total number of polaritons in the trap N tot , one has to integrate the full experimental k-space.
As we recorded only a central slice of the full far-field, it has to be integrated angularly under an assumption of the symmetry of the distribution in far-field. The final polariton density is expressed as:
Here we do not assume any distribution for polaritons, as the thermalized Bose-Einstein distribution is often not the case for exciton polaritons. The method used in our approach aims to minimize the number of assumptions, however several of them that we do make are not valid under all circumstances. As discussed in the main text, the linear slope of the effective potential due to the cavity wedge influences the shape of the ground state, so the assumption of uniform distribution of polaritons in the spatial signal collection area, as well as that of cylindrical symmetry of the far-field emission are poorly satisfied for large-area traps at very low pump powers. Additionally, the excitonic reservoir lifetime is still under debate in the scientific community. Finally, the limitation of the numerical aperture of the optical system prevents us from collecting all of the optically active polaritons in the field of view, which decreases the detected fraction of polaritons. An example of integrated occupation number of polaritons in k-space. Data are taken at detuning ∆ = +3.8 meV in a trap of the diameter D ≈ 28 µm, presented in Fig. 3(b) . The data corresponds to the polariton density n = 0.21 µm −2 . 
APPENDIX C: EXTRACTION OF THE MODELING PARAMETERS
The procedure for extraction of the modeling parameters is illustrated in Fig. 10 , for the trap diameter D ≈ 54 µm and large excitonic detuning. Firstly, the far-field dispersion is fitted with Lorentzian functions to find signal maxima at each k -vector. The effective mass is calculated based on the curvature around k ≈ 0. The trap shape and the position dependent energy slope is based on similar fitting of each spatial point with a Gaussian function of a real space emission spectrum recorded with a k ≈ 0 filter. In the particular case presented in Fig. 10(b) , the left hand side barrier signal was modified locally with a defect [35] at the position of the spectrometer slit, hence the fits of two barriers are slightly different. The extracted trap heights present typically a linear dependency as a function of polariton density, Fig. 10(c) , and barrier widths are roughly constant with growing polariton density in the trap, Fig. 10(d) . Finally, the local potential gradient is extracted directly from the trap shape from Fig. 10(b) . This set of parameters is the starting point for simulations presented in the main text.
APPENDIX D: QUANTIZATION IN MODERATE-AREA TRAPS
Here we present additional data demonstrating the effect of quantum confinement in moderate area traps (D ∼ 30 µm). Figure 11 depicts the real-space spectra of D = 28 µm traps (unfiltered in k-space) for two de- tunings, showing the visible onset of large potential barriers and quantized levels inside the trap. For the more photonic polaritons at ∆ = −1.5 meV, accumulation of polaritons at the bottom of the trap is visible at lower densities, Fig. 11(a) evolving into well resolved ladder of confined states at larger densities and barrier heights as shown in Fig. 11(c) . In the case of excitonic detuning, the linewidths of individual polariton states are larger and the quantization effect due to spatial confinement is poorly resolved in the real-space spectra, see Figs. 11(df) .
